Abstract: Exposure to fine ambient particulate matter (PM 2.5 ) is known to be associated with cardiovascular disease. To uncover the molecular mechanisms involved in cardiovascular toxicity of PM 2.5 , we investigated alterations in the protein profile of human umbilical vein endothelial cells (HUVECs) treated with PM 2.5 using two-dimensional electrophoresis in conjunction with mass spectrometry (MS). A total of 31 protein spots were selected as differentially expressed proteins and identified by matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF) MS. The results demonstrated that DNA damage and cell apoptosis are important factors contributing to PM 2.5 -mediated toxicity in HUVECs. It is further proposed that PM 2.5 can inhibit superoxide dismutase (SOD) activity and increase reactive oxygen species (ROS) and malonaldehyde (MDA) production in a concentration-dependent manner. Induction of apoptosis and DNA damage through oxidative stress pathways may be one of the key toxicological events occurring in HUVECs under PM 2.5 stress. These results indicated that the toxic mechanisms of PM 2.5 on cardiovascular disease are related to endothelial dysfunction.
Introduction
Industrialization, urbanization, and increases in the population are resulting in pollution of the environment (Nicolas et al., 2008) . Deterioration of urban air quality has become an increasing and widespread concern throughout the world (Singh and Sharma, 2012) . PM 2.5 , the fine air particle with an aerodynamic diameter less than 2.5 μm, is the pollutant with the most undesired health effects (Brook et al., 2010; Zhang et al., 2018) . The surface of PM 2.5 can also absorb large quantities of harmful substances such as sulfates, heavy metals, and organic and inorganic compounds. It can penetrate deeply into the alveolar ducts through the respiratory tract, even through the interstitial lung, and transfer into the circulatory system. Thus, it can seriously harm human health (Terzano et al., 2010) .
Extensive evidence from epidemiological investigations has shown that acute and chronic exposure to fine ambient particulate matter (PM 2.5 ) is associated with cardiovascular disease (Burnett et al., 1999; Lee et al., 2014) . It can increase the incidence and mortality of cardiovascular disease in hypertension, coronary heart disease, and diabetes mellitus patients (Pope et al., 2004; Vallejo et al., 2006; Cheng et al., 2017) . In May 2010, the American Heart Association (AHA) officially noted that there was a clear causal relationship between the exposure of fine particles and the incidence and mortality of cardiovascular disease, and the impact of PM 2.5 on cardiovascular disease has become a serious public health problem in the world (Brook et al., 2010) .
Vascular endothelial cell (VEC), a barrier between blood and blood vessel wall, is widely distributed in the body. It can produce and secrete a variety of bioactive substances and plays an important role in the regulation of vascular tone and vascular smooth muscle growth, the modulation of the adhesion of VECs and inflammatory cells, and the inhibition of platelet aggregation (Lu and Daugherty, 2013) . Therefore, vascular endothelial dysfunction is considered to be the initial step in atherosclerosis.
Previous studies have demonstrated that elevated concentrations of ambient PM 2.5 are significantly related to increased mean pulmonary arterial pressure and markers of endothelial dysfunction in children (Calderón-Garcidueñas et al., 2008) . Healthy adults exercising for 30 min near main traffic roads can develop endothelial-dependent vascular diastolic dysfunction, which indicates that PM 2.5 can enter into the circulatory system through alveoli and has a direct effect on the VECs (Rundell et al., 2007) . The direct effects of the soluble organic fraction of PM 2.5 on the fibrinolytic function of endothelial cells were detected using rat heart microvessel endothelial cells exposed to organic extracts of diesel exhaust particles (OE-DEP) and urban fine particles (OE-UFP). The results showed that OE-DEP and OE-UFP exposure reduced the production of plasminogen activator inhibitor-1 (PAI-1). This mechanism was related to oxidative stress and was independent of oxygenase-1 (HO-1) activity (Hirano et al., 2003) . After being exposed to different concentrations of PM 2.5 , the ECV304 cell survival rate and intracellular superoxide dismutase (SOD) and glutathione (GSH) were decreased in a dose-dependent manner (Rundell et al., 2007) .
Therefore, vascular endothelial dysfunction is one of the important mechanisms in PM 2.5 -induced cardiovascular toxicity (Li et al., 2014; Wang et al., 2017) . The real biological mechanism underlying the correlation between PM 2.5 exposure and endothelial dysfunction is not yet clear. As we all know, proteins are crucial for our health, and they play an important role in living systems and are essential to almost all life activities. Alterations in the protein activity or content, which are caused by environmental, physiological, or pathological conditions, can cause any adaptive responses (Alaoui-Jamali and Xu, 2006) . Proteomics is regarded as a powerful tool to explore the cellular responses to PM 2.5 , which can provide effective data for toxicological studies. Therefore, we mainly analyzed the proteomic alterations in human umbilical vein endothelial cells (HUVECs) after they were exposed to PM 2.5 in order to explore the mechanism of PM 2.5 -induced endothelial dysfunction.
Materials and methods

Materials
Airborne PM 2.5 was kindly donated by Professor LI (Institute of Environmental Science, Shanxi University, Taiyuan, China). PM 2.5 was collected on the rooftop of a 5-storey building (approximately 25 m above ground) at Shanxi University. This site is located approximately 300 m away from a major roadway (Wucheng Road). There are no obvious industrial pollution sources around. Thus, the observations could be typical of the general urban pollution in Taiyuan (Li et al., 2014) . For exposure in vitro, airborne PM 2.5 was dissolved in sterilized water at a final concentration of 10 mg/ml and sonicated 30 min before use.
Cell culture
HUVECs were purchased from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). Cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% (0.1 g/ml) heat-inactivated foetal bovine serum (FBS) and 1% (0.01 g/ml) penicillinstreptomycin and maintained at 37 °C in a humidified atmosphere of 5% CO 2 . The study was performed when cells reached 70%-80% confluence.
Cell viability
Cells (1×10 4 cells/well) were seeded into 96-well plates and adhered to the well after 16 h. Then, the cells were treated with 10-150 µg/ml PM 2.5 for 24 h; cells in the control group were not treated with PM 2.5 , and the blank group contained neither cells nor PM 2.5 . Cell viability was measured using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay kit (Keygen, China) according to the manufacturer's instructions. MTT (20 μl, 5 mg/ml) was added to every well and incubated for 4 h at 37 °C in a humidified atmosphere of air plus 5% CO 2 . Then, 150 µl of dimethyl sulfoxide (DMSO) was added to solubilize the formazan salt formed, and the amount was determined spectrophotometrically at 570 nm using a SpectraMax190 microplate reader (Molecular Devices Inc., USA). Relative cell mass was determined from the amount of MTT converted to formazan salt.
Preparation of protein samples for twodimensional (2-D) electrophoresis
HUVECs (1×10 6 ) were seeded into 75-cm 2 culture flasks with supplemented culture medium. The cells at exponential phase were then treated with 0, 50, and 100 µg/ml PM 2.5 for 24 h. Cells were harvested by centrifugation at 1500g for 10 min and lysed in 1 ml of lysis buffer (30 mmol/L Tris, 8 mol/L urea, 4% (0.04 g/ml) 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonic acid (CHAPS), 1% (0.01 g/ml) protease inhibitor, at pH 8.5). The sample solutions were gently mixed and kept on ice for 15 min with sonication for 10 s every 20 s and then centrifuged at 12 000 r/min for 30 min at 4 °C. The supernatant was collected, and its protein concentration was determined using the bicinchoninic acid (BCA) protein assay (Solarbio Science & Technology, Beijing, China). The procedure was repeated twice, and a pool of extract was analyzed. The samples were stored at −80 °C until use.
2-D electrophoresis and image analysis
Samples (300 µg per gel) were loaded onto 24-cm Immobiline Dry strips with a pH 4-7 gradient (GE Healthcare, USA), and isoelectric focusing was carried out using an Ettan IPGphor 3 IEF system (GE Healthcare, USA). After isoelectric focusing, the strips were equilibrated for 15 min in a buffer containing 6 mol/L urea, 30% (0.3 g/ml) glycerol, and 1% (0.01 g/ml) dithiothreitol (DTT) and for 15 min in the same buffer but with DTT replaced by 4% (0.04 g/ml) iodoacetamide. The second-dimensional sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was carried out on all 6 gels simultaneously using Ettan DALTsix (GE Healthcare, USA) at 5 W/strip for 45 min and then at 15 W/strip until the bromophenol blue reached the bottom of the polyacrylamide gels. The spots were stained with the sensitive silver staining and scanned with Image Scanner (GE Healthcare, USA) at 300 pixels per square inch, and the maps were analyzed using Image Master 2D Platinum 6.0 software (GE Healthcare, USA). Triplicate gels for each group were used to reduce experimental errors. Protein with average increase or decrease more than 1.5-fold compared with the control group was designated as differentially expressed protein and identified with a matrixassisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometer (Applied Biosystem, USA).
In-gel digestion and MALDI-TOF mass spectrometry (MS) identification
Differentially expressed proteins were excised from the gels and de-stained by washing with a 1:1 solution of 100 mmol/L sodium thiosulfate and 30 mmol/L potassium ferricyanide for 20 min. The spots were dehydrated by addition of acetonitrile after being washed twice in Milli-Q water followed by drying in a Speed Vacuum (Eppendorf, USA) for 30 min. Subsequently, the gel spots were rehydrated in 5 μl of trypsin solution (20 ng/μl) and incubated at 37 °C for 16 h. Next, peptides were extracted in two washing steps with 50% (v/v) acetonitrile and 5% (v/v) trifluoroacetic acid for 1 h and dried in a Speed Vacuum. A 1-μl aliquot of peptide mixture was mixed with an equal volume of 10 mg/ml cyano-4-hydroxycinnamic acid (Sigma, USA) and analyzed using MALDI-TOF MS (4800 Proteomics Analyzer, Applied Biosystem, USA). Positive MS reflector mode was used to acquire data from 900 to 4000 Da, and the spectra were used to automatically search the NCBI or protein database using Mascot software (Applied Biosystem, USA) (Vallejo et al., 2006) .
Western blotting
Proteins (20 µg/sample) were resolved on 10% (0.1 g/ml) polyacrylamide gels by SDS-PAGE and then transferred to polyvinylidene fluoride (PVDF) membranes. The membranes were blocked with 5% non-fat dry milk in Tris-buffered saline with Tween 20 (TBST) for 1 h at room temperature and incubated overnight at 4 °C with primary antibodies against β-actin (CWbio, Beijing, China), Mer11A, Rad50, and Rad51 (Abcam, Cambridge, UK) at 1:1000 dilution and primary antibodies against heterogeneous nuclear ribonucleoprotein H1 (HNRNPH1) and enolase (Santa, Cruz Biotechnology) at 1:400 dilution. After washing with TBST, the membranes were incubated with secondary antibody, and immunoblotting was visualized using a ChemiScope series (Clinx Science Instruments Co., Ltd., Shanghai, China). Normalization involved blotting the same samples with mouse anti-actin.
Cell apoptosis assay
To further explore whether PM 2.5 causes the apoptosis of HUVECs, an Annexi V-fluorescein isothiocyanate (FITC) Apoptosis Detection kit (Beyotime, Beijing, China) was used to distinguish normal, apoptotic, and necrotic cells. HUVECs (2×10 5 cells/well) were plated on 6-well plates and treated with 0, 50, and 100 μg/ml PM 2.5 for 24 h; and then, the cells were collected and detected by flow cytometry according to the manufacturer's instructions.
Detection of 8-hydroxy-2'-deoxy-guanosine
8-Hydroxy-2'-deoxy-guanosine (8-OHdG), a biomarker of DNA base-modified product, was detected using an enzyme-linked immunosorbent assay (ELISA) kit (AmyJet Scientific, Wuhan, China). After 24 h of treatment with PM 2.5 , HUVECs were harvested and washed twice with PBS. Cells were suspended in PBS (pH 7.4) and homogenized by sonication and centrifuged at 3000 r/min for 20 min, and then the supernatant was collected to measure the 8-OHdG content according to the manufacturer's protocol.
Detection of DNA double strand breaks (DSBs) by immunofluorescence assay
HUVECs were cultured on sterile glass coverslips overnight at 37 °C, and exposed with 0, 50, and 100 μg/ml PM 2.5 , respectively, for 24 h. Then the cells were fixed with 4% paraformaldehyde for 15 min and incubated with 0.2% Triton X-100 at 4 °C for 15 min. After washes with PBS, the samples were blocked with goat serum to suppress nonspecific binding of IgG for 2 h, and incubated with γH2AX antibody for 2 h. The samples were washed three times and incubated for 1 h with FITC-conjugated secondary antibody, and then washed with PBS and incubated with nuclei dye (4',6-diamidino-2-phenylindole (DAPI)) for 15 min in a dark chamber. After washing with PBS and mounting on a coverslip with 90% glycerol, images were taken from the specimens using a fluorescence microscope (Leica DMi8, Germany).
Measurement of reactive oxygen species
Intracellular reactive oxygen species (ROS) production in HUVECs was measured by 2',7'-dichloro-dihydro-fluorescein diacetate (DCHF-DA, 10 μmol/L; Beyotime, China). The cells were treated with DCFH-DA for 30 min at 37 °C and immediately washed three times with PBS. The fluorescence intensity was read by a fluorescence microplate reader at 485 nm excitation and 525 nm emission wavelengths, and images were captured by a multifunctional fluorescence microscope (Leica DMi8, Germany).
Measurement of SOD activity and MDA production
Both SOD activity and malonaldehyde (MDA) production were measured with commercial kits (Beyotime Biotechnology, Shanghai, China) according to the manufacturer's protocols. Cells were treated with an ultrasonic homogenizer. SOD activity was determined from the absorbance at 560 nm, which was detected using a microplate reader (Molecular Devices, USA), and the results were averaged and expressed as U/mg of sample protein. The absorbance of MDA production was detected at 532 nm. The MDA concentration was calculated using absorbance complex and expressed as nmol/mg of protein. Both assays were performed in triplicate.
Statistical analysis
Experimental data were expressed as mean± standard deviation (SD). GraphPad Prism 5 was used to analyze the data, Student's t-test was used to assess the significant differences between the treatment groups and the control group, and the P-value was set at 0.05.
Results
Effects of PM 2.5 on the proliferation of HUVECs
HUVECs were treated with various concentrations of PM 2.5 for 24 h, and the cell proliferation was evaluated by the MTT assay. PM 2.5 was found to inhibit HUVECs proliferation in a concentrationdependent manner when its concentration was greater than 50 μg/ml (Fig. 1 ).
2-D gel electrophoresis analysis of differential protein expression
To elucidate the PM 2.5 -induced alterations of protein expression in HUVECs, proteins extracted from the cells treated with PM 2.5 of different concentrations were separated by 2-D electrophoresis. Image analysis software (Image Master 2D, Version 6.0, GE Healthcare, USA) typically detected about 1000 proteins on each gel. The results showed that a total of 31 proteins exhibited statistically significant changes (increase or decrease, P<0.05), and the variations in abundance were more than 1.5-fold in contrast to the control cells. Among them, thirteen proteins were upregulated in PM 2.5 -treated HUVECs, while eighteen proteins were down-regulated. Fig. 2 shows the positions of differentially expressed proteins in master gel.
Identification of differentially expressed proteins
All of the differentially expressed proteins were further identified using MALDI-TOF MS. The MALDI-TOF MS peptide maps of in-gel tryptic digest resulting from HNRNPH1 are shown in Fig. 3 . Table 1 lists the protein names, accession numbers, protein names, scores, and fold changes of these molecules. Table 2 shows the biological procession clustering of differentially expressed proteins in HUVECs treated with PM 2.5 . As a result, HNRNPH1, ENO1, DYNC1H1, ST20, ZSCAN5A, CRK, PSMA3, and ZNF812 were related with DNA damage and RNA processing, which suggests the importance of DNA damage and RNA processing in PM 2.5 -induced cytotoxicity. In addition, the expression changes of some proteins, including HNRNPH1, ENO1, FGG, DYNC1H1, ARHGDIA, PSMA3, and ST20, also indicate that apoptosis is one of the important toxic effects of PM 2.5 .
Verification of differentially expressed proteins
HNRNPH1 and ENO1 expression was measured by Western blotting, using the β-actin protein band as a homogeneous control, which was useful for analyzing the experimental data. A comparison of the Western blotting results was consistent with our different proteomic analysis (Fig. 4) . Cell cycle DYNC1H1, PSMA3
Fig. 3 MALDI-TOF MS peptide maps of HNRNPH1
Protein spot of interest was excised from the gels and de-stained, washed, dehydrated, and enzymolyzed. Peptides were extracted and freeze-dried. The peptide mixture was analyzed with MALDI-TOF MS
PM 2.5 -induced apoptosis in HUVECs
Flow cytometry was used to detect the proportion of apoptosis in total cells to verify whether PM 2.5 induced apoptosis in HUVECs. The results showed that the percentage of early apoptosis (Annexin V + /PI − (PI: propidium iodide)) increased to 17.3% and 25.5%, respectively, compared to 1.7% in the control cells when the HUVECs treated with 50 and 100 µg/ml PM 2.5 for 24 h (Fig. 5 ).
DNA damage in HUVECs exposed to PM 2.5
After 24 h of treatment with PM 2.5 , the cells were collected and broken by sonication and then centrifuged at 3000 r/min for 20 min; the supernatant was used for ELISA. As shown in Fig. 6 , the DNA damage involving production of 8-OHdG was upregulated at 100 µg/ml. The results indicated that PM 2.5 induced oxidative stress-related DNA damage.
3.7 Formation of DNA DSBs in HUVECs exposed to PM 2.5 PM 2.5 -induced DNA DSBs in HUVECs were assayed by the formation of γH2AX foci after 24 h treatment with different concentrations of PM 2.5 . The accumulated bright green spots were marked as the formation of γH2AX foci. A significant increase in foci number was detected in HUVECs treated with 50 and 100 μg/ml PM 2.5 , which indicated that PM 2.5 can cause the DNA DSBs in HUVECs (Fig. 7) .
Expression of DNA damage repair proteins
The expression of DNA damage repair proteins Mer11A, Rad50, and Rad51 was measured by Western blotting using β-actin protein band as a homogeneous control, which was useful for analyzing the experimental data. A comparison of the Western blotting results was consistent with our different proteomic analysis (Fig. 8) .
PM 2.5 -regulated oxidative stress in vitro
We evaluated the effects of PM 2.5 on oxidative stress of endothelial cells. The results showed that ROS generation was significantly increased after cell exposure to PM 2.5 (Fig. 9a) . Consistently, PM 2.5 led to a more significant down-regulation of SOD activity and up-regulation of MDA expression (Figs. 9b and  9c) . These results suggested that PM 2.5 -induced apoptosis and DNA damage may be related to oxidative stress.
Discussion
Recent studies suggested that the increases of ambient particular matter levels were associated with an increase in mortality rate from cardiovascular disease. VECs, the first barrier between the blood and the vessel wall, play important roles in cardiovascular disease. VECs can produce and secrete a variety of bioactive substances to regulate vascular tone, smooth muscle cell proliferation, adhesion of VECs and inflammatory cells, and inhibit platelet aggregation (Lu and Daugherty, 2013) .
Our study showed that PM 2.5 can inhibit HUVEC proliferation in a concentration-dependent manner. To elucidate the toxicology mechanism of PM 2.5 in HUVECs, the comparative proteomic analysis was performed in our experiments to reveal the PM 2.5 -induced proteins in HUVECs in order to accumulate novel toxicological data on environmental exposure to particulate matter. Thirty-one differentially expressed proteins related to exposure to PM 2.5 were selected and identified, of which eight proteins, namely, HNRNPH1, ENO1, DYNC1H1, ST20, ZSCAN5A, CRK, PSMA3, and ZNF812, were involved in DNA damage and RNA processing. As DNA damage is usually induced by oxidative stress and other stresses, which may be more representative of PM 2.5 toxicity, this was raised as a concern in our studies. Oxidative stress is the damage of intracellular antioxidant defense system, and the accumulation of metabolite-related oxygen free radicals due to excessive oxygen free radical production results in a variety of pathological conditions (Brigelius-Flohe, 2009 ). Recent research shows that oxidative stress is one of the important causes of damage to cardiovascular system structure and function and is associated with a variety of cardiovascular diseases (Azad et al., 2009) .
ROS, the most important molecules of oxidative stress, are produced in the body both through natural biological processes as well as in response to external stimuli such as air pollution. The mechanisms have evolved to maintain cellular redox equilibrium and to counter the potential adverse health effects of oxidative stress including damage to cellular macromolecules such as proteins and DNA, inflammation, and cytotoxicity (Li et al., 2003; Ghio et al., 2012) . A number of antioxidant-related genes have been identified, and several studies have examined the degree to which polymorphisms in these genes may modify responses to PM 2.5 (Weichenthal et al., 2013) . Polycyclic aromatic hydrocarbons in organic compounds and transition metals, the main component of PM 2.5 , can increase reactive oxygen radicals and DNA damage (Torres-Ramos et al., 2011) . It has been shown that the organic substances in PM 2.5 can lead to DNA adduct synthesis and oxidative DNA damage in vitro studies, which may result in gene mutation and formation of a tumour if the DNA damage is not repaired timely (Lee and Yang, 2012) . The results of our experiment also showed that the levels of MDA and ROS increased while the activity of SOD decreased in HUVECs exposed to 50 or 100 μg/ml PM 2.5 for 24 h. In addition, 8-OHdG, a biological marker of oxidative damage to DNA by endogenous or exogenous factors, increased in PM 2.5 -treated HUVECs, which indicated that PM 2.5 could induce DNA damage of VECs by increasing the generation of ROS. Normally, cells will initiate different damage repair mechanisms according to the degree of DNA damage. The repair system can repair minor DNA in time, but severe DNA damage often leads to cell apoptosis and even generates oncogenic mutations. DSBs are the most important type of DNA damage, in which a double-stranded DNA molecule breaks in the relative position or adjacent number base. There are two mechanisms involved in DNA double-strand repair; one is homologous recombination (HR), and the other is non-homologous end joining (NHEJ). These two types of repair mechanisms involve a complex process of multiple repair proteins to maintain the stability of the genome, of which HR is of more interest to researchers. DNA damage repair protein 52 (Rad52) is the most important protein in HR, which can connect to the end of the DNA chain and promote the annealing of complementary chain. Under the action of Rad52, the homologous recombination repair complex (Rad50-Mre11-Nbs1) is connected to the fracture of DSBs and initiates the chain exchange reaction of DNA mediated by Rad51 protein. Up-regulation of the expression of Rad51, Rad50, and MRE11A in HUVECs exposed to PM 2.5 further demonstrates the role of PM 2.5 in inducing DNA damage.
In the different proteins involved in DNA damage, several proteins such as HNRNPH1, ENO1, and PSMA3 are also related to apoptosis. The HNRNPs are RNA-binding proteins that form a complex with heterogeneous nuclear RNA. HNRNPH1 has been implicated in various processes, including chromatin remodelling, DNA damage and repair, transcription, mRNA splicing, and protein translation, by interactions with a range of biomolecules related to the regulation of gene expression. Heterogeneous nuclear ribonucleoprotein F/H proteins modulate the alternative splicing of the apoptotic mediator Bcl-x. The addition of HNRNP to a HeLa extract improved the production of the pro-apoptotic Bcl-xS variant and small interfering RNA-mediated RNA interference targeting HNRNP F and H decreased the Bcl-xS/ Bcl-xL ratio of plasmid-derived and endogenously produced Bcl-x transcripts (Garneau et al., 2005) .
ENO1 is a key enzyme involved in sugar metabolism. In recent years, research has shown that ENO1 participates in the regulation of fibrinolytic enzyme activation and fibrinolytic enzyme activity processes, promoting muscle generation and muscle regeneration, and regulating the development process of cell apoptosis and tumour. Ucker et al. (2012) found that a large number of secretions of glycolytic enzymes (especially ENO1) are common in early cell apoptosis. In apoptotic cells, ENO1 has lost its inherent glycolytic activity, but the original receptors can be used as a fibrinolytic enzyme involved in regulation of cell apoptosis process (Singh and Sharma, 2012) . The proteasome is a multi-catalytic proteinase complex, which is characterized by its ability of cleaving peptides; however, proteasome also has the function of inhibiting cell apoptosis. PSMA3 is a proteasomal protein of the T1A peptidase family, which is involved in some biological processes such as transcription, replication, and DNA repair. In addition, a study has also shown that PSMA3 can increase the expression of Bim and induce cell apoptosis to some extent (Brook et al., 2010) . Based on the apoptotic analysis with cytometry (Fig. 4) , apoptosis is confirmed as one of the key mechanisms for PM 2.5 toxicity.
Our results also showed increased expression of TPD52 and decreased expression of suppressor of ST20 in the HUVECs exposed to 50 or 100 µg/ml PM 2.5 . Transcriptional regulation of some oncogenic genes and tumour suppressor genes is also an important cause for cytotoxicity of PM 2.5 .
In summary, considering the function of the different proteins in HUVECs under PM 2.5 stress and the result of experiments of DNA damage and cell apoptosis, we proposed that the modulation of several proteins such as HNRNPH1, ENO1, and PSMA3 contributes to the DNA damage induced by PM 2.5 and promotes cell apoptosis, which could result in endothelium dysfunction, the initial factor in atherosclerosis. In addition, our experiment also proposed the regulation of TPD52 and ST20 as key carcinogenic mechanisms for PM 2.5 .
